Background
==========

In developed countries, colon cancer is a leading cause of cancer-associated mortality \[[@b1-medscimonit-26-e921251],[@b2-medscimonit-26-e921251]\]. The incidence of colon cancer has been found to increase during the past decade, and it ranks as the third highest malignant tumor \[[@b3-medscimonit-26-e921251]\]. Local invasion by colon carcinoma cells results in metastasis that results in a high mortality rate \[[@b3-medscimonit-26-e921251]\]. Treatment of colon cancer includes surgical resection, radiotherapy, chemotherapy, and immunotherapy \[[@b4-medscimonit-26-e921251]--[@b6-medscimonit-26-e921251]\]. The diagnosis of early-stage colon cancer before the occurrence of metastases is associated with improved prognosis \[[@b7-medscimonit-26-e921251]\]. Postoperative recovery for patients with early-stage colon cancer is reduced, and the 5-year survival rate is higher than 55% \[[@b8-medscimonit-26-e921251]\]. However, patients with advanced-stage colon cancer with metastasis to the lymph nodes, lungs, and liver have a 5-year survival rate of less than 20% \[[@b9-medscimonit-26-e921251]\].

Cell apoptosis, or programmed cell death, is a regulated mechanism for the elimination of cells that occurs during development and in human disease \[[@b10-medscimonit-26-e921251]\]. Cells that undergo apoptosis show distinct morphological changes that include cell and nuclear shrinkage, imbalance in mitochondrial membrane potential, and chromatin condensation, and chromatin fragmentation \[[@b10-medscimonit-26-e921251],[@b11-medscimonit-26-e921251]\]. The mechanism of induction of apoptosis in cancer cells involves extrinsic and intrinsic pathways \[[@b12-medscimonit-26-e921251]\]. In the extrinsic pathway of apoptosis, the signals received by cell receptors on the cell surface activate caspase-8 \[[@b13-medscimonit-26-e921251]\]. However, apoptosis that occurs through the intrinsic pathway is activated by caspase-3 and caspase-9, and is associated with an increase in the Bax and Bcl-2 ratio \[[@b13-medscimonit-26-e921251]\]. During chemotherapy, radiotherapy, and immunotherapy of cancer, malignant cells destroyed through the activation of apoptosis \[[@b14-medscimonit-26-e921251],[@b15-medscimonit-26-e921251]\].

Opioid growth factor receptors have been well characterized in human tumors and animal and *in vitro* models \[[@b16-medscimonit-26-e921251],[@b17-medscimonit-26-e921251]\]. The opioid receptor and growth factor axis are active pathways that have been targeted using small interfering RNA (siRNA) technology to enhance cell proliferation \[[@b16-medscimonit-26-e921251],[@b18-medscimonit-26-e921251]\]. In 2011, Donahue et al. reported that in a mouse model, low-dose naltrexone inhibited the growth of tumor xenografts when combined with cisplatin \[[@b19-medscimonit-26-e921251]\]. In 2013, Zagon et al. reported the involvement of the opioid growth factor and opioid growth factor receptor axis in the inhibition of cancer cell proliferation of triple-negative breast cancer cells \[[@b20-medscimonit-26-e921251]\]. Opioid peptides, including endorphin and endomorphin-2, which are used in the management of pain and other symptoms, may be modified and used as derivatives and analogs \[[@b21-medscimonit-26-e921251]--[@b23-medscimonit-26-e921251]\]. A structural analog of endomorphin-2 (H-Tyr-Pro-Phe-Phe-NH~2~) includes structural modification of tyrosine in position 1, which results in increased receptor affinity for opioid receptors ([Figure 1](#f1-medscimonit-26-e921251){ref-type="fig"}) \[[@b24-medscimonit-26-e921251]\]. Therefore, this study aimed to investigate the effects of the structural analog of endomorphin-2 on human colon cancer cells *in vitro*.

Material and Methods
====================

Cell lines and cell culture
---------------------------

Cell lines studied included CCD-18Co normal human colonic fibroblasts, and human DLD-1 and RKO colon cancer cells, which were supplied by the Shanghai Institute of Biochemistry and Cellular Biology, Chinese Academy of Sciences, Shanghai, China. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco Life Technologies, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) and 100 U/ml penicillin and 100 U/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO~2~.

MTT cell viability assay
------------------------

The changes in CCD-18Co, RKO, and DLD-1 cell proliferation following treatment with the endomorphin-2 analog were determined using the MTT assay. Cells were cultured in 96-well microtiter plates at a density of 2×10^5^/ml for 24 h. The cells were incubated with 5, 10, 15, 20, 25, and 30 μM of the endomorphin-2 analog for 48 h. Then, 20 μl of MTT solution was added to the plates. After 4 h of incubation, 100 μl of dimethylsulfoxide (DMSO) was added to the plates. Absorbance was measured at 575 nm using a microplate reader (BioTek, μQuant, Toronto, ON, Canada). The measurements were performed in triplicate.

Fluorescence microscopy of the cell nuclear change
--------------------------------------------------

The nuclear changes in DLD-1 cells, following treatment with the endomorphin-2 analog, were analyzed using Hoechst 33258 nuclear staining. After treatment with 20, 25, and 30 μM of endomorphin-2 analog for 48 h, the cells were washed twice with PBS, and then fixed for 15 min with 4% formaldehyde at 4°C and washed with PBS. Cell staining was performed at room temperature with Hoechst 33258 solution (Sigma-Aldrich, St. Louis, MO, USA) 15 min. The cell nuclei were examined using a Nikon Eclipse Ti-s fluorescence microscope (Nikon Corp., Tokyo, Japan).

Fluorescence-activated cell sorting (FACS) analysis of the cell cycle
---------------------------------------------------------------------

DLD-1 cells were distributed in 6-well plates at 2×10^5^ cells/ml and incubated for 48 h with 20, 25, and 30 μM of the endomorphin-2 analog. The cells were harvested and then re-suspended in 300 μl of PBS. The cells were stained using a 5 μM solution of propidium iodide (PI) and RNase (50 μg) at room temperature for 45 min in the dark. The phases of the cell cycle were assessed by detection of the DNA content using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Flow cytometry for cell apoptosis
---------------------------------

DLD-1 cells at a concentration of 2×10^5^ cells/ml were treated for 48 h with 20, 25, and 30 μM of endomorphin-2 analog. The cells were harvested and washed three times with ice-cold PBS. The cells were treated with 150 μl of binding buffer and incubated for 20 min with 5 μl of Annexin V-FITC and PI at room temperature in the dark. Apoptosis in the treated cells was analyzed using a Quanta SC flow cytometer (Beckman Coulter Inc., Brea, CA, USA).

Western blot
------------

DLD-1 cells were incubated with 20, 25, and 30 μM of endomorphin-2 analog for 48 h. The proteins were extracted from DLD-1 cells using radioimmunoprecipitation assay (RIPA) buffer (Beyotime Institute of Biotechnology, Haimen, China) mixed with phenylmethylsulfonyl fluoride (PMSF). The protein concentration in the lysates was determined using a bicinchoninic acid (BCA) assay kit (Beyotime Institute of Biotechnology, Haimen, China). The protein samples were loaded onto 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked by incubation with 5% dried skimmed milk powder diluted in tris-buffered saline (TBS) and Tween 20 (TBST).

The membranes were incubated overnight at 4°C in the following primary antibodies to: Akt, p-Akt, Bcl-2, Bax, p53, cytochrome c, pro-caspase-3, ro-caspase-9, PARP-1, and β-actin (Cell Signaling Technology, Beverly, MA, USA). The membranes were washed in PBS and incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibodies (Santa Cruz Biotechnology Inc., Dallas, TX, USA) for 1 h at room temperature. An electrochemiluminescence (ECL(detection kit (Amersham Biosciences, Amersham, Bucks, UK) was used to visualize the bands. The bands were scanned using the ChemiDoc XRS^+^ imaging system (Bio-Rad Inc., Hercules, CA, USA). Image acquisition and analysis were performed using Image Lab software (Bio-Rad Inc., Hercules, CA, USA).

Flow cytometry detection of reactive oxygen species (ROS)
---------------------------------------------------------

The generation of ROS in DLD-1 cells following treatment with the endomorphin-2 analog was determined by flow cytometry using the 2′,7′-dichlorofluorescein-diacetate (DCFH-DA) fluorescent dye (Molecular Probes, Eugene, OR, USA). The cells at a density of 2×10^5^ cells/well were treated with 20, 25, and 30 μM of endomorphin-2 analog for 48 h in six-well plates. After incubation, the cells were harvested and washed three times with PBS. The cells were then re-suspended and incubated for 30 min at 37°C in PBS containing DCFH-DA. The production of ROS in DLD-1 cells was analyzed using a FACSAria III flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data analysis was performed using FACSDiva software (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis
--------------------

Data were analyzed using SPSS version 17.0 software (SPSS, Inc., Chicago, IL, USA). Data were presented as the mean±standard deviation (SD) of experiments performed independently in triplicate. The differences were compared using Student's t-test or one-way analysis of variance (ANOVA). A P-value \<0.05 was considered to be statistically significant.

Results
=======

Endomorphin-2 analog reduced cell proliferation of the RKO and DLD-1 human colon carcinoma cells
------------------------------------------------------------------------------------------------

Changes in the proliferation of normal CCD-18Co control cells, and RKO and DLD-1 human colon carcinoma cells following treatment with endomorphin-2 analog were analyzed by the MTT assay ([Figure 2](#f2-medscimonit-26-e921251){ref-type="fig"}). The endomorphin-2 analog was added to cell cultures at 5, 10, 15, 20, 25, and 30 μM, and cell proliferation was examined at 48 h of treatment. There was no significant change in CCD-18Co cell proliferation following treatment (data not shown). There was a significant reduction in the proliferation of RKO and DLD-1 cells following endomorphin-2 analog treatment (p\<0.05).

Endomorphin-2 analog induced nuclear changes in DLD-1 cells
-----------------------------------------------------------

The nuclei of DLD-1 cells at 48 h following treatment with the endomorphin-2 analog were examined using Hoechst 33258 staining ([Figure 3](#f3-medscimonit-26-e921251){ref-type="fig"}). Endomorphin-2 analog treatment at 20, 25, and 30 μM induced significant changes in DLD-1 cell nuclei, consistent with nuclear apoptotic changes.

Endomorphin-2 analog induced apoptosis in DLD-1 cells
-----------------------------------------------------

Annexin V- fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining was used to examine apoptosis in DLD-1 cells following treatment with the endomorphin-2 analog at 20, 25, and 30 μM, which significantly increased apoptosis when compared with the CCD-18Co control cells ([Figure 4](#f4-medscimonit-26-e921251){ref-type="fig"}). In DLD-1 cell cultures treated with 20, 25, and 30 μM of endomorphin-2 analog, the proportion of apoptotic cells increased to 12.34%, 27.85%, and 46.89%, respectively.

Endomorphin-2 analog arrested the cell cycle in DLD-1 cells
-----------------------------------------------------------

The effect of endomorphin-2 analog on cell cycle in DLD-1 cells was examined by fluorescence-activated cell sorting (FACS) with PI and Annexin V-FITC/PI staining ([Figure 5](#f5-medscimonit-26-e921251){ref-type="fig"}). Treatment with 20, 25, and 30 μM of the endomorphin-2 analog significantly increased the cell population in the G1/G0 phase. The DLD-1 cell population in the S-phase of the cell cycle was significantly reduced following treatment with 20, 25, and 30 μM of the endomorphin-2 analog. These findings showed that endomorphin-2 analog inhibited the transition from the G1 phase to the S phase in DLD-1 cells.

Endomorphin-2 analog increased the expression of apoptotic proteins in DLD-1 cells
----------------------------------------------------------------------------------

Treatment of DLD-1 cells with the endomorphin-2 analog at 20, 25, and 30 μM reduced the expression of Bcl-2 and increased the expression of Bax in a dose-dependent manner ([Figure 6](#f6-medscimonit-26-e921251){ref-type="fig"}). The cells treated with the endomorphin-2 analog showed a significant increase in p53, cytochrome c, pro-caspase-3, and pro-caspase-9 expression at 48 h. The cleavage of poly(ADP-ribose) polymerase-1 (PARP-1) was also promoted by endomorphin-2 analog treatment in DLD-1 cells. Treatment with 20, 25, and 30 μM of endomorphin-2 analog reduced the expression of p-Akt without any change in the levels of Akt.

Endomorphin-2 analog increased the production of reactive oxygen species (ROS) in DLD-1 cells
---------------------------------------------------------------------------------------------

The generation of ROS in DLD-1 cells following treatment with the endomorphin-2 analog at 48 h was measured using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) fluorescence ([Figure 7](#f7-medscimonit-26-e921251){ref-type="fig"}). Treatment with 20, 25, and 30 μM of the endomorphin-2 analog significantly increased ROS generation when compared with the control.

Endomorphin-2 analog suppressed CDK1, CDK6, and promoted p21 expression in DLD-1 cells
--------------------------------------------------------------------------------------

The levels of CDK1, CDK6, and p21 in DLD-1 cells treated with the endomorphin-2 analog at 48 h were assessed using Western blot ([Figure 8](#f8-medscimonit-26-e921251){ref-type="fig"}). Treatment with 20, 25, and 30 μM of endomorphin-2 analog significantly increased p21 expression and reduced CDK1 and CDK6 expression at 30 μM, when compared with the control.

Discussion
==========

This study aimed to investigate the effects of the endomorphin-2 analog on colon cancer cell proliferation and apoptosis *in vitro*. The development of a structural analog of endomorphin-2 (H-Tyr-Pro-Phe-Phe-NH~2~) contained tyrosine in the sequence in position 1, which resulted in a compound that was more lipophilic and had increased affinity for opioid receptors \[[@b25-medscimonit-26-e921251],[@b26-medscimonit-26-e921251]\]. The structural analog of endomorphin-2 was used at increasing doses to treat human DLD-1 and RKO colon cancer cells and CCD-18Co normal human colonic fibroblasts. The findings showed that the endomorphin-2 analog inhibited colon cancer cell proliferation, activated cell apoptosis, and down-regulated Akt phosphorylation of human DLD-1 and RKO colon cancer cells *in vitro* in a dose-dependent manner.

In mammalian cells, mitochondria have a vital role in inducing apoptosis and inhibiting cell proliferation \[[@b27-medscimonit-26-e921251]--[@b29-medscimonit-26-e921251]\]. The early stage of apoptosis is characterized by disruption of mitochondrial membrane potential, which is followed by the efflux of apoptotic factors from mitochondria and activation of caspase-9 and caspase-3 \[[@b30-medscimonit-26-e921251]--[@b33-medscimonit-26-e921251]\]. In the present study, treatment with the endomorphin-2 analog resulted in a specific inhibitory effect on the proliferation of RKO and DLD-1 colon cancer cells, without affecting the CCD-18Co normal cells. These findings indicated that the endomorphin-2 analog had activity against human colon cancer cells *in vitro*.

In the present study, the mechanism of the activity against cancer cells *in vitro* of the endomorphin-2 analog was studied using the flow cytometry with Annexin-V and propidium iodide (PI) double-staining. The findings showed that treatment with the endomorphin-2 analog significantly enhanced the proportion of apoptotic cells in DLD-1 cells in a dose-dependent manner. In DLD-1 cells, the changes in the cell morphology induced by the endomorphin-2 analog included condensation of nuclear chromatin, cleavage of the cell membrane, and the formation of apoptotic bodies. Increased expression and integrity of Bax in the mitochondrial membranes have a vital role in enabling cells to undergo apoptosis \[[@b34-medscimonit-26-e921251]\]. Bcl-2 is present in the membranes of mitochondria and the endoplasmic reticulum and prevents the induction of apoptosis by quenching the free radicals generated in the cells \[[@b35-medscimonit-26-e921251],[@b36-medscimonit-26-e921251]\].

The induction of apoptosis in carcinoma cells following treatment with anti-cancer agents is associated with an increased Bax/Bcl-2 ratio \[[@b37-medscimonit-26-e921251],[@b38-medscimonit-26-e921251]\]. In the present study, treatment of DLD-1 human colon cancer cells with the endomorphin-2 analog significantly increased the expression of Bax in a dose-dependent manner and reduced the expression of the anti-apoptotic protein, Bcl-2. These findings supported that the endomorphin-2 analog increased the Bax/Bcl-2 ratio in DLD-1 cells.

Reactive oxygen species (ROS) are involved in signaling pathways that induce cell apoptosis and result in mitochondrial damage \[[@b39-medscimonit-26-e921251]--[@b42-medscimonit-26-e921251]\]. The present study measured ROS generation in DLD-1 cells following treatment with the endomorphin-2 analog, which significantly upregulated the production of ROS. Activation of Akt (serine/threonine-protein kinase) by phosphorylation enables cells to escape apoptosis \[[@b43-medscimonit-26-e921251]\]. Akt activation promotes the expression of FLICE inhibitory protein (FLIP), which inhibits the activity of caspase-8 \[[@b44-medscimonit-26-e921251]\]. In the present study, the treatment of DLD-1 human colon cancer cells with the endomorphin-2 analog significantly inhibited the expression of p-Akt.

Conclusions
===========

This study aimed to investigate the effects of the structural analog of endomorphin-2 (H-Tyr-Pro-Phe-Phe-NH~2~) on human colon cancer cells *in vitro*. The endomorphin-2 analog inhibited colon cancer cell proliferation, activated apoptosis, and down-regulated Akt phosphorylation of human DLD-1 and RKO colon cancer cells *in vitro* in a dose-dependent manner.

**Conflict of interest**

None.

**Source of support:** Departmental sources

![A diagram of the structural analog of endomorphin-2 (H-Tyr-Pro-Phe-Phe-NH~2~) with structural modification of tyrosine in position 1 that may increase receptor affinity.](medscimonit-26-e921251-g001){#f1-medscimonit-26-e921251}

![The effect of endomorphin-2 analog on the proliferation of DLD-1 and RKO human colon cancer cells. The MTT assay analyzed cells treated with endomorphin-2 analog at 48 h. \* p\<0.05, \*\* p\<0.02, and \*\*\* p\<0.01, compared with the CCD-18Co control cells.](medscimonit-26-e921251-g002){#f2-medscimonit-26-e921251}

![The effect of the endomorphin-2 analog on DLD-1 human colon cancer cell nuclei. (**A**) The cells treated with the endomorphin-2 analog at 20, 25, and 30 μM for 48 h were examined using Hoechst 33258 staining and flow cytometry. (**B**) The data on DLD-1 cells are presented compared with the control cells. \* p\<0.05 and \*\* p\<0.02 compared with the CCD-18Co control cells.](medscimonit-26-e921251-g003){#f3-medscimonit-26-e921251}

![The effect of endomorphin-2 analog on cell apoptosis in DLD-1 human colon cancer cells. Apoptotic changes following treatment of DLD-1 cells with the endomorphin-2 analog were measured by Annexin-V and propidium iodide (PI) double-staining. \* p\<0.05 and \*\* p\<0.01 compared with the CCD-18Co control cells.](medscimonit-26-e921251-g004){#f4-medscimonit-26-e921251}

![The effect of endomorphin-2 analog on the cell cycle in DLD-1 human colon cancer cells. The changes in cell cycle by endomorphin-2 analog in DLD-1 cells were measured using flow cytometry. \* p\<0.05 and \*\* p\<0.02 compared with the CCD-18Co control cells.](medscimonit-26-e921251-g005){#f5-medscimonit-26-e921251}

![The effect of endomorphin-2 analog on the expression of apoptotic cell proteins in DLD-1 human colon cancer cells. (**A**) The cells treated with 20, 25, and 30 μM of the endomorphin-2 analog were analyzed by Western blot. (**B**) Densitometric analysis of the data. \* p\<0.05 and \*\* p\<0.02 compared with the CCD-18Co control cells.](medscimonit-26-e921251-g006){#f6-medscimonit-26-e921251}

![The effect of endomorphin-2 analog on the generation of reactive oxygen species (ROS) in DLD-1 human colon cancer cells. The cells were treated with endomorphin-2 analog and stained with fluorescent 2′,7′-dichlorofluorescein diacetate (DCFH-DA) at 48 h. (**A**) The ROS level was measured by flow cytometry. (**B**) The data were quantified. \* p\<0.05 and \*\* p\<0.02 compared with the CCD-18Co control cells. Data were quantified by FACSDiva software (BD Biosciences, Franklin Lakes, NJ, USA).](medscimonit-26-e921251-g007){#f7-medscimonit-26-e921251}

![Effect of the endomorphin-2 analog on cell cycle proteins in DLD-1 human colon cancer cells. (**A**) The endomorphin-2 analog treated cells were assessed for cyclin proteins at 48 h by Western blot. (**B**) The data were quantified. \* p\<0.05 and \*\* p\<0.02 compared with the CCD-18Co control cells.](medscimonit-26-e921251-g008){#f8-medscimonit-26-e921251}
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